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NASA’s  v is ion for  scimcc cxplorwion  in the ncx[ ccn(ary is bawd on fwqacnt,  aflorxkihlc mission$ cnahlcd by
small , 1OW-COSI alllonomous  Spmwaf(. ‘1’hroagh tl~c Ncw h4illc!tnim l’rqvam (Nh41’), N A S A  is cslahlishil)g a
ncw and hig$ly  inqmld apprcmh 10 dcvclopin:  and fliglll-t’ali(iati rlg tcchrdogics  that mccl these goals. }llablinp
tlw mission sccnarim envisioned and t tic mcr-arding goat of rcducirlg life-qdc cosl$ pmcmts significant ch:illcl  Igcs
across all aspecls of spi3cccrafl  design, iill]]lcrllcrllati~)li,  and opu at ion,

“1’hc NMI’ has icicnlifkd  Mociidar an(l Miiltifmic[ional Syskms (MAh4S) tdinologies as :iddrcssing ky capahilily
r inds fm lhc rwv n~illcrmiurn. MAN4S Icct]nok)pics fall  into four  gcjmd calcgc)rics:  i) riwcrials arid swic[ms, ii)
]mwi an(i propulsion, iii) plwictary  slirfacc intcrPdcc systclils, arid V) 1’1  occ.u Alillptlfji(i, o r  Icrril f[~r adwinccd
colli[)[rt(’r-ai(l(’ci c’rtgirrccring dcsifvi t(x>ls, dcvehy  NImIl Jnelhoris  ar](i cnvil{mnmlts. ‘1’iic h4AMS team lias (icvclopc(i
spC.CifiC  tcciiimlogy  JWaCi  m a p s  aTld plaUS  fOi’ CaCi) Of thCSC  fOllJ tdiildog)” ar”cas. Tilis paper cicscribcs  liIcsc
Icchrrologies  and cwiincs  our pkws for their fiighi vali(iatiori.

(hlr Iccl)rmlq?ics hc]p to fiiifil! NASA’s 2 1st ccnt~ir)’  mission Jmds iJ) (iiffcr”cnl l)iIl synqisticaily sailixw[ivc  \vays.
lor cxami)lc, lHolmisioJI and pmvcr systcri]s  lhal dciiwr iiigll simifJc  cacigy  all(i iligi)  slmcific Ix)\vcr at lmv cosl
\vill pr(n’i(ic  NASA w’ilii  mpi(i access tiim~iplml Ihc sol:iI  sys{cii]. A(ivaacc(i materials aIi(i s[ruc~ur”cs  tiial (iclivcr
low JiJaw, low cost,  aJi[i low lailJiCli  vdunw \viii allow Jilicrosl)acccmfl to dc]doy iwgc [iiarrwtcr ai)crturcs }villl  p(xKi
silrPdcc iwcision improving power coliulion, timmai emit rd, comlillinicat  iol~s, ari(i scicncc inst rlimcnts [hci chy
miiicilig tiw cm an(i mass of Jlcw Jniiicnniinn siwccrafl. Acivanccd ir)-silil  scicncc an(i sari]i)ic rc(arjl  Jliissions wriii
Ix ma(ic  aflmiahlc hy i~ianctary  siwfacc  inlcrFdcc  syslcJns  ti~at pwidc low cos[ ai)iN oaclm to vdmplc  acqliisition  arl(i
rclrievai  an(i imv C(KI earl-icrs for liIc IIcw p,cmralimr of ii)- sits scicrlcc irlstruli~cnts. Finaliy,  I’mccss h4ilicrlnia  \!’iii
mahic  tiw NW Milicnnium  vision of fkcts  d’ hipliiy capably sp:icccrdt  affmiahiy  rl’\’oltlticJJli7iJ]g oiir sixicc  scicncc
imgr:iJil IV tying  Iogckr ali IIIC Wchaologics  of [iIc Ncw h4iiicrlJliulll  (o ruiwc (icvcioimwnl  cycic time an{i C(ISI
wiiiic incrcasins syskm ixvformancc  and reliability.

I. IN’I’RO1)[J(:’I’1  0N” ANI )  OVltRVlllM’

As (icscri hcci in rcfcrcliccs 1 ami 2, titc NCI\)
Miiicnniam l’rogrm (Nh41’)  has  bcci~  cstal)iisiic(i to
acmimk tiIc infusion of hrmkthrough  tcclilioiogics
into  NASA si~acc  scicncc missions. ‘1’iw gwti of Iilis
tccimiog~’ irlfir$ion  is 10 f[ilfili (Itc NASA visim) of
fw]ucnt,  Iowcosl missiuis  to cicci~ simcc anti to planet
1 kir[ll.  ‘1’hc Nh4i’  is organiwd  iJtlo  ]nlef?r’att’(i  l’Jo(iiJcI
l)mdoim~cJlt  ‘1’cams (11’lY1’s) a n d  ]Iight “i’carm.
li’1}’l’s  itavc t h e  rt~lc of kicnlifyin~  ard i)riorili7ing
cali(ii(iatc tcc}inoiop,ics  for’ vali(iatioa  by tiIc NW
h4illcnniant  l’Jogwm  mci (icvcloping lcciinolopy rcaci
mal)s  (N i(mg raagc  piaJIs  of imv tlic tccl)i)[)iopics  wili
hc infusr(i  into NASA si]acc  scicncc missions. lii~,ilt
‘1’cams cxcc{ltc missions to vaii(iatc (imc tccimoiopics
I)y inc(wpwalirig  tiim a s  fanctionai  sal)systcrils.
c(mponcrlts,  or cxi~crirncnts.

“1’iirw of tiw m i s s i o n s  wili bc dcci> sixicc  iianclar~
n~issio])s and tlircc  \\’iii lhrlli orhitai,  h4issions  aIc
cicsipnakxi 1 )S - 1 timxigh  1) S- 3 an(i 110 1 tim~~igil  II) 3
wlicrc  ]N slancis for  lkcil S]Y~cc  an(i } K) stawis for
1 wlil orbital. l;or a prdiminary  description of time

rrtissiwts sec rcfcrcnce 3. Rcfcmcc 2 iJiclir[ics a
(icscripl ioi) of tiIc imccss  viicrcby tcciinologics  al c
sckcttxi for a giver)  mission mi provi(ics an ovcI vim
of (i]c NMi’.

“1’hc incsm imixv  widrcsscs  tlic tcchllc)io:ics  under
consicicration hy t h e  Mcxiiliar  an(i h4~iiliflll~c[i(~llai
Syslcms (h4AMS)  11’1)’i’ ali(i tiw role of tiIc tcain. ‘i’o
li)is  mi, Scclion  Ii (icscrihcs tile tcclalical chark’r o f
tiw Jk4AMS  ll’l Yi’ ald its nwn)hcrsi)il). ‘i’hc JICXI  f{mr-
sccliort%f  the Pq)cr provi(ic a tcclmicai (icsci  ii)liorl  of
tile fdt Jn:ijor [ccilnoio:,y  areas the MAMS lcam is
\\orki]l:  iii. }or cxamidc, Scctiml 1 Ii, lireCfkl/~r-f~I/(/I,f
ill S[wcc Str IK’I1{ICS, cicsclii)cs tile Jllatcl-iais all(i
str (icuircs tcciuioiogy  [k h4Ah4S tcarn ims i(icn[ifiui
as imnisiag tiw imv rows, lmv cost, alI(i lmv iaiiJ)ch
voltinw  rqtiiJ ui foi tyi)ical 2 1  sl ccriliiry  sp:icc
lnissions.  T h e s e  stl Llc(illcs wiii rxxiacc tiIc n]aw of
si)acecrkdf[  anti cnahtc tlic cicvciopincn~  of aixmircs  that
arc iargc in area, imscs’lglxlLi  slir~dcc  prccisi(m,  anti arc
comixilihic  witil sinaii sixwcrxft  la[inchc{i  hy snlaii
I ociicts. Applications of tiwsc aiwmr’cs inchick power
coilcclion,  tllcrrrlal  cmrol, tclcco[llrllllll  irdlio]ls,”  :inci
scicncc.
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Sect ion IV, hxd-dhroughs  in Propulsion cud Powt-,
clcscribm technologies that ckliwr high specific energy
aIKi spcciflc power at low cost. ‘1’hcse technologies arc
cr i t ica l  to enabling the NW Millermim goal of
providing rapid access throug}lout the solar syslcm for
low cost  nlicrospacccrafL Scclion  v ,  Pkmekw)’
Surjace Interface Systern.7, acidrcsses the problcm of
enabling low cost access to Ihc surface of small bodies
or planets. I’hese technology arc critical to the vision
of affordable sample return missions. Advanced
compulcr-aided engincctir~:  design tools, dcvclopmcnt
methods, and environments that reduce ckweloprnent
cycle t ime and cost ~vhile increasing Syslcm
pcrfcmnance and reliability is the subject of Section
VI. Process Millennia.

l’hcslf)ntttary  and~onc~usions  section provicks atop
ICVCI ovcrviwof  thcMAMS team’stechnology road
maps and a smmary of  the team’s status in
implementing our road maps.

II. MANIS 11’1)’1’ TKCHNICA1. C1lAR’I’IR
AND MFCMRIiRSHIP

“1’hc technical domain of the MAMS team includes
those areas of enginecririg and technology that effect
the performance of space flight systems in terms of
energy, apcrlure,  information or payload fraction. In
addition, wrearercspcmsibl  cforensurin  gtilatthe NMI’
develops 01 utiliz.cs the best possible tools and
methods that can reduce 21s[ century progrm cost,
mission development tinlc,ancl/or  risk. I;igure 1 is a
\lcIIT~diagrarll that attcrl~pts tc]cal)tllre  thes1>irit of our
charter.

tcchrmlogy that al lows the f igures of nmit for
spacecraf~  apcrturest  oirnprove-  say by reducing maw,
packdge volume, or cost- this will by necessity
improvet  hefiguresof  merit inthc areas of energy and
information. Spcciflcally,  a better collecting apcrmrc
will allow solar conccmtrators to weigh less an(i will
tllcrefc)rci tlcreasetl lcs~mcific  energy or specific po~vcr
of the spacecmft  p o w e r  systcm. I f  t h e  saTllc
improvement in structul-cs  technology can be applied
toradiofrcqucncy  tclecoItlnltlrlicatioIls  antenna~,  nmrc
il)fonllation  can be sent back from the spacecraft fa<ter,
or at a rcduccd  cost to the I kcp Space Network

This said, let us now consider each of the five
technical area$ that MAMSis workingon. Starling at
the top of kigurc  1, the term apmure reefers  to
spacecraf[  surfzzces  that collect, focus, reflect, or
transmit racliation. These can bc amennas,  solar
collectors, diffmction  limited optics for science
instruments, thermal radiators, sun shields, or photon
buckets that concentrate but do not focus radiation.
‘J’hc figures of mcril  for these types of apctlurcs  m
surface precision, reflectivity and ahsorbtivity,  mass
pcrunit dcployc darea,andpackagcd  volume pcr unit
cleployed area. We inttmd to tackle head-on the
fundamental question rcgardin:  apcrlms for small
spacecraft, “given that (hc laws of physics relate the
performance of many space systems to apermrc
cliameter,  how can spacecraft of the 21st century be
lighter and cheape.~ that today’s spacecraft withou[
sacrificing performance?”. We believe the answer to
this question lies in par( in improving the figures of
Incrit  of our apertures through the application of
breakthrough tcchncrlogics in ma(crials, struc(urcs, zind
mechanisms.

liigurc  1- Conccptuali~ation of MAMS l’cam’s
Technical Charm

We chose a Vmn diagram to depict our charter because
it communicates the interdepcndcrrcy of each of these
areas. For example, if we develop and valida[c  a

Moving to the left in Fi.gurc 1 we encounter the area
of energy. ‘J’hc MAMS tcarn is conccrncd with two
kinds of energy, clccmical and orbital. The challenge
with electrical energy is to provide low cost, high
Irerfor[nancc power for spacecraft opcmti n: throu:lml
the solar systcm. “l’his is especially critical for deep
space missions where solar intcmity at large distances
from the sun drops to tiny fractions of the solar
intensity at the }:arth’s distance from the sun. ‘1’o lwcp
cost down, we’d like to minimi~.e or c]iminatc  the use
of cxpcnsivc  mdioisotopc f ue]s.

If \ve can develop wry low cost yet high performance
solar power tcchnolog!y, wc can usc electric propulsion
to i reprove pcrfonnancc in the area of orbital energy.
Studies have shown that elcctnc propulsion can allow
small spaccmft to explore the entire solar system
faster and at a frac(ion of the cost of conversional deep
space trmsportation  systems x‘. Fjlcctric propulsion
is therefore a critical focus of the MAMS team.
Ilowcvcr, even with a ful ly developed clcc[ric
propulsion tcchnolc)gy, there will still bc a need for
conventional chemical propulsion. For this reason we
are also working on a very light weight, low cost
modular chemical propulsion technology.
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M a n y  pmple  bcliwc that some funclion  of cm,
schcdulc, risk, and ttxtmical  pcrfonnancc  qw.scnts  al)
mvclopc  across which a projccl  or mission nmagu
CNI 1101  travel. Said another way, “you call’1 inlimwc
o n  cm, schcduk, risk, and twhnical  Pcrformncc  at
IIK stimc time.” WC bclicvc  this pcrspcctivc is wrong.
lYfcc(ivcly uwl, it is obvious [1)8( miay’s  cnginccring
t o o l s  can allow  us m work  bcmr, fwcr, and cbc+cr
simultaneously with  building projects that arc Icss
risky than wc could with  lhc cng,inccring tools of a
(iccwic, or even a year ago. ‘1 ‘hc cilailcnsc is it i(icll[ify
01- dcvcioil  t h e  bcsl 1001s f o r  t he  j ob ,  crcm art
cnvironmcnl  wilcrc  cnginccrs  and scicnlisk  call work
togclim cf(cc[ivciy  as a team, anti cicsigvi pwccsscs
timt make the best ixwsii~lc usc of timsc pcoi~lc,  mois,
an(i cnvircmmcnls.  Wc arc facing Iilis  chaiicngc  wi[h
a n  act i vi (y wc wi i l’mce,w  Mi//rtltIia. l’l(rccss
Miiir.wnia  is ccntrdi 10 our t e a m ’ s  tilinking,  an(i is
caiic(i out as ‘Methods” in l;ig,urc 1.

WC arc iwwing acivanccmcm in the areas of aiww c,
energy, and mctimds iwimariiy  bccausc of thcil-  hcncfits
in informali(m  rclurll an(i payioa(i  f ract ion,  l’ayioa(i
frwlion is cicfinc(i as Ii}c mio of the ixiyioa(i  mass 10
that of the total fligill syslcm mass. It is not uIlusual
for space scicllcc missions, especially ]~ianctw~  (iccj)
sixwc missions, lo posses payioad fraclicms of only a
Icxv irci-ccnlxj’.  ‘1’ilis is mc bm-ruse of lhc iargc iros[
illlcclioll (iclta-Vs typicaily  rc[iuircxl for  i~ianmry
nllssions  an(i bccamc t h e  f’lighl syslclns ilavc to
operate al highi y variai)ic distances from the } ‘krrlh anti
Sun. ‘1’hmugil {icvclopnvwls  i n lhC h4AhlS
lcchnolog,y arc’a~  w inkmd (0 drirmatiwlly  inc[caw
ixiyi(Mci fraction, wi~ich  will inct-case (1IC cost
cffcctivcncss of si)acc  scicncc m i s s i o n s  (iirccliy bc
r~’ducing launch  COSIS  a n d  i n d i r e c t l y  by rcducinK
[icvcioimIcm  COSK. It) Ibis \vay wc will aiiow  N A S A
m i s s i o n s  10 ol)tain more scicncc illf(w[natioll  aid
rclurl~  it m ti)c IIhrlh  fmcr and less mpcnsivcly.

?’~i&fvf<;ok!I’OS”  1“1 ‘ION

} ilcvcn tcaln mclnlms  an(i two co icack  c(mli)risc tllc
h4AMS km]. 1 Ach member rcimmnls his hom
institution alKi ils ca~x~bililics  hut Cat]) brings l~is otvrl
cxixmisc an(i mi)cricncc  10 the team process. Among
lltc M A M S  warn Jncmbcrs  wc IMvc WCII over 2(K)
y e a r s  o f  scicn(ific  an(i cn~iJmrirlg  cxiwicncc,  1 0
l’li,l ).’s, 11)1  cc fuli imfcssors,  an{i louI  smior  corlx)lalc
cmwtivcs. ‘J’hrju(ignmts  con(ainc(i  in this p a p e r
wcr(. (icvcioir4i  by th is  Ic+rm workiJlp,  coiitiborxlivcl>’
()\’CJ Ihc pasl scvcrtd  m(mtils. ‘1’cam JllClllbCJS  all(i
tilcrc  affiliatioJIs  w listcci  bciow:

Jcwi Scrccl, ‘1’cam (1) 1 ca(i
.fcl 1’1 t)i)tllsioJ~  I ,abomtory
( hiiforj~ia  lnslituk of’1 ‘cchnology

Branticy } iank
NASA I mgicy Research (kJllcr

W’iiiiam  lkvngloJ),  Team (:01 lad
IInivcrsily of ArimJla

(:ma ( ~amai~akis, IJlfla(abic  Struc[urcs
i ,’(iarcic inc.

} kiwmi [Mvlcy, I’JOCCSS Miiicnnia
Massaciluwtls  lJ~stitulc of ‘1’cci)nology

h4icilaci (:ur-cio, A(ivaJwc(i SilicoJl ( hri)i(ic
SS(; , lncoJ pmrlc(i

Aiok  1 Ms, Simcccrafl IIuf ‘1’c.chnologim
IISA1 l’hilii~s 1 Amatory

Wiliiam 1 ]tiydcJl, SyslcJIl  Ai@icatioJls
NASA G(xi(iar’(i  Space }Iigi]l ( :cnlcr

])avi~i KiJlg, ]’ltqmisiwl
(lin Acrosilacc (“mni~aJly

1 m l’c(crsoJl,  l’rccisioJl 1 ki)loyablcs
1 lJlivcrsity of ( l)lorfi(io

Sllrfil l<alvai, MllltifllrlctioJlai  S(ruc(lrrcs
1,ockhmi  Marlin AslroJHrlllics

‘I”homas Rc(i(iy, ]incrgy  Sw+w
~ar(iJICj’  ‘! CC)lJliCa]  ]’l(XilJCIS

J(>scl)iIS()\ic,l’(~\vcr  SystcJns
1 mvis Research (:cJucr

111. I] RIIAK’I’IIN()[I(;  IIS IN S1’ACK
S’1’RUC’I’[JRIIS

‘1’hc hIAMS t e a m  i~as iciul~ific(i SCVLWI ma[criais,
slruclul-es,  OJ n)cchanisJms  lccl)Jmiogies ihal have grcal
Immisr fol dclivcrill~  l(nvcI mass,  10WCI c(W, and
imwr  launch volmc  space s y s t e m s  f o r  tiIc IICW
rnillmlnium.  ‘1’hww structures Iviil  rc(iucc Ihc Jnass of
21st ccJnury  spacccr~fl  and cJlablc the (icvcioimlclll  of
aj~rlurcs  that arc large in area bul with  g(xxi surface
prccisiml.  AJqJiiGrlioJls  of tksc apcrlur’cs  fi~ll IWO l.hc
areas of Juicrospacccrxf(  power collcc(ioJl, tilcrmal
conlwi, tclccollll~ltlrlicatiorls,”  an(i scierlcc inslr unlcJlw

Spcciflc  tccilnologics  the MAhf  S team is wrking on
iJl tilis  a r e a  inclu(ic  h4tliti-};tlJlc[iorlai  SlrlJc(urcs
(Mt ‘S) ,  a(ivancc(i  forms of  siiicon carbi(ic (Si(:),
imcisioJ~  (icl)loyabic s[ruc(utcs, an(i iJ~flauiblcs. Ml;Ss
:lr~; a t)r~.ak[llr<mg}l conll)irliJlg, clcc~ronics  iYACkagi  Jlg
tvi(h imvcr an(i ciala (iistribulio]l.  A(ivancc~i  forms of
siiictm carl)i(ic rcimwllts arlci cxcitillg iwssibiii[y  foJ
higher icvc]s  of slruc[ml  intcgJati(m  or) 21 sl ccJl[wy
si)acccraft,  ‘J’hc imcisioJl  dcidoyablc sli LJctuws  wc arc
workinp, o n  bavc  Ihc long mgc polmlid [o mbk
Ilut)l)cil  tcicscoi~c  scale optics IL) ix il)corlw)alcd  ir[lo
satcili(cs iamcilc(i  wl a l’c~asus-ciass JI)ckc(s.
}iJtal 1}’, iwcision iJJflalablc  s[ruclum rcpr~wJll a
Jnajor  brcaklimugil in ciciJloyiJlg  higi) qwrii(y  aiwrhm’s
f’w solar power collcclion,  antcJlna<,  surl si~icl(is, and
radiamrs.



NASA’s vision for the 21 St century includes the
launch and operalion  of large numbers of low mass,
low cost spwc assets. l’he fulfillmcrrt of this vision
calls for an order-of-magnitude reduction in flight
system mass relative to curwnt spacecraft designs.
Omcentrating  solely on shwcturid mass rcduc[icm will
IKN m e e t  t h i s  mxd bccausc S1l’uclllrc typically
rcprcscnls  as lilde as 1O-15% of total system mass  “.
Miniaturization  of avionics per se further reduces
mass, but not the large parasitic mass associated with
avionics containers, cables, structural support of
packaged avionics, or connectors. These parasitic
components can contribute as much as 509( of the
mass of space scicncc  spacecraft’.

in flight system payload mass, an order-of-magnitude
reduction in flight system development costs, and it
flees in[crnal spacecraft volume ~hcrcby simplifying
syst~n~  lCvel in(Cgration and test.

[:onvcntional  cables and connectors are [ypically
comprised mostly of large and bulky enclosures that ck>
not serve a direct ckctncal  fLt nction for the spacccr’aft
but arc required m provide structural supporl and allow
handling duling  integration and test. MFS eliminates
these bulky components and enables the integwtion  of
clcclronic  subsystems such as the data transmission
and power distribution networks, command and data
handling (C&l)H) subsystem, thermal management,
and load handling Pmprictarj’ 1,ockhccd  Marlin
technologies allow MFSs to bc fully rework-able, be
less expensive than conventional cabling systems,
require much Icss touch labor, and be much more

Formed Cover -
Shielding and Protection

per Polyimide
s: Patch-to-Patch

‘:’z’’:r*?eocketsandsutiaceMouipa.sCopper Polyimlde Clrcr-atry with MCtvl

Spacecraft Structural Panel with Integral
Thermal Control

Figure  2- MFS Panel Including Strucmrrd Panel With Integral ‘1’hermal (;ontrol,  Polyimid  hex
circuitry, M~M Sockets, and Formed ~ovcr  Providing Fkctromapnetic  Shielding and Protection.

“l’he solution m this dilemma can be found in Multi- compa(iblc with envisioned production lines of small,
IWnctional Structures (MFS),  a ncw approach to
ekctronics  packaging, intcrconncct,  and data & pwcr
distribution which integrates these functions with
those of bearing mechanical loads and providing
thermal ccmt rol. The Mt;S concept  invo lves
cJnbcdding passive clcclronic  components within the
actual volume of composite materials, ncw  approaches
10 attaching active electronic components directly to
mechanical surfaces, and using surface areas for
mounting sensors and transducers.

MtS offers inherent modularity a n d  dirwly
incorporates functions such as dam transmission,
thermal control, and power distribution into structLwal
pancis.  in so doing, it eliminates the need for bulk}’
cabks, connectors, and chassis such as those used in
convc.ntional spacecraft. This allows a 757(J increase

low-cost spacecraft, whether they be onc of a kind or
of a standardized design.

As shown in Figure 2, the data transmission and
power distribution network is constructed on lhin
multi-layer copper/polyin~id (CL1/1’1)  circuit patches
which arc bonded onto the structural panel with an
adhesive. ‘l’his intimate contact to the strLlctl.wal
sLwface provides good nw$ch~nical performance and
enables integral thermal control. Multi-~ hip-Modules
(M~Ms) are moun[cd directly on the s[IWCtLlral  panel
via an interface pad. l’his approach is fully compatible
with either two dimensional M~Ms or with the three
dimensional packaging being dcvclopcd  by the New
Millennium l’rogram’s  Microelectronics ll’IM’}; , ‘The
circLlit patch virtually eliminates the need for Iargc
cnclosums c)r circuit boards.
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‘l’he MAMS team proposes to build cm significant
programs funded by other government agencies and
inmmal resources at 1,ockhecd  Martin to fly MFSS on
every New Millennium mission. We arc prcpzrrecl to
fly this technology as early as late 1997. Because
spacecraft designs can include both conventional
clcc(ronic  boxes and MFS panels, wc arc taking an
evolutionary path wi(h this technology. On 1 )S - 1 wc
}MVC a modcs[ experiment in which (es[ circuits will
bc built  on a MFS and flown  to evaluate in flight
pcrformarm (lur 1> S- 1 MFS work has progressed
beyond the preliminary design slagc and is WCII into
detailed design. I abom[ory  model hardware has
successfully passed both thermal and vibra(ion tcs[s,
We hope to have a more significant MtS system on
IX-2 and plan to ulilizc MFSS to enable a completely
cablclcss systcm  on DS-3 and all NASA space scicncc
missions of the 21 S[ century.

Sil icon cmbidc’s extraordinary inherent thcmnal
stability (>35 times bctier than ultra-low expansion
glasses) has been exploiled for many years in the
manufact  urc of water-cooled, high energy laser mi rrors.
Only recently has the bcrylliunl-like specific stiffness
(within 6%) of the bulk material been app]icd m the
advancernc.nt of lightweight inswurncnt tcchnologics,
l)cvclopmcnt  of more durable, less ceramic forms has
permitted the optical engineering, process
optimization, and implementation of ultra-lightweight
inslrLlnmnl  concepts like the Planetary Integrated
Camera Spcctromelcr  which are nearly irnmunc to the
hostile thermal environment of near earth and deep
SIMCCX  . bor cxarnplc, hundredth of a visible. w’ave
Ihcrmal stability  crvcr a nearly 150K excursion has
been dcmonstratcct.

I’hc po ten t i a l  f o r  a  c!uantum leap iJ~ low-mass
spacecraft technology has been made avai I able by the
funhcr  dcvetopmcnt  of a nmnomatcrial  composi te
form of silicon carbide. ~’his commercially-prcxtuccd
form offers redL]ced  mass and C:l’E (cocfficicnt-of-
thcmal expansion) compatibility with the bulk optical
form used in advanced instruments. In addition, the
composite form is robust, machinable, and preliminary
mcasurcmcnts suggest that it possesses damping
characteristics 4 10 times better than the equivalently
configtrrcd metal or graphite epoxy. Although it is
prcmatLlrc to assume that this high damping can be
rcprod Llccd i n Iargc production samples, these
mcasurcmcnts are very intrigLling.

‘1’hc uniqLlc combination of features found in
composite Si{:  may enable the vision of using
spacecraft buses as the optical bench for remote
sensing instruments (camcms, spcctromctcrs,  imaging
spcctromctcrs,  etc. ) and for optical communications
systcm, as dci~ictcd in Figure 3. l’his scnscrrcmft
Collccp[  offers a 2-1 OX savings in mass via Supcric)r
rnatcrial properties and the elimination of cotnponcnts

in the form of redundant struct  Llrcs  and interfaces.
[Itiliz.i  ng the results of a parallel, on-goinp advance in
optical communications tcchrtology, the functions of
spacecraft bLls, communications transmit,
communications receive, and remote sensing can be
combined into one highly integrated, ultra-lightweight
package. I’hc  NCW Millennium I’rcrgtam Offer-s the
oppormnity  to realim  and flight c] Llalify this vision in
a series of steps dcmcmstratirrg strLlctural  interface,
optical bench, and complete spacecraft functionality.

Secondary
Mirror Star

/ ~Tr=tCkw,,- Structure;

MCMSeco --, - . . .
mrcrary

Mirror Mount
Avionics
System

Mirror

I’igure 4 - ‘1’hc scnsorcraft c o n c e p t  f u l l y
exploits the unique features of advanced Si(~
ma[crials in an integrated systems design to
captLlrc a 2-10X reduction in ovcrdl ftight
systcm  mass

I’crhaps the greatest technical challcngc  for packaging
science instruments into small spacecraft is deploying
large optics on orbit. No amount of improvement in
focal plane instrLlmemt scnsi(ivity  cai) overcome the
Iimitirlg reso lu t ion of  smal l  apcr[Llrcs.  “l’his is
especially trLlc for missions such as }Jar(h resource
mapping, in which the resohltion can dctcrminc  the
scientific and commercial value of the mcasurcmcnts.

Recent advances in precision deployable structures
technologies will lead to a revolutionary ncw
capability for mccbanicall  y deploying large apcrl ure
optics from compacl  packages. “1’hroLlgh  advances in
high precision mechanisms, lighttveight  actuators ad
latches, ground test, analysis and qualification
methods, and lightweight optical mirrors, this
technology will advance the state-of-the-practice by
scvctal  orders-of-magnitude. in comparison with
HL1bbcll-cra technology, this technology is 50 times
lighter and several hundred times less expensive ‘;.

}iigurc  4 is a r-lcpiction of  a typ ica l  prec is ion
deployable strLlcturc.  Key to the low cost and high
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performance of this technology is its compatibility ● New lCNV Cl’F. materials such as silicon carbide
with conceptually simple mechanisms in conjunction and Inachinatic  polymers

with advanced, low CH’li materials such as Sic and
li ghtweigh[  oplics. “Ihc benefits of validatin: this technology cm NMI’

will extend to many aggressive science missions of lhc

l’al-ticLllarly inqsortmt  rcccnt actvanccs  inciudc: 21st century. Applications include advanced  1 Jl>AR

●  J .igh[wcight, sub-micrxm hystel-etic hinge
ins[rLlmenls, high frequency (100 Glv+ ) atmospheric

Inccbanisms with less than 0.S in-cw of flicLicm soLinding and deployed colnponcmt$ for deep space

● 1.igl]lwcigh[ conrpositc  mirror panels with 1}< intcrfcrornctcrs.  CNhcr miss ions enab led by  this

diffraction Iimi[ed prccisicm and aril masses of technology inclLdc: d e e p  IR galaxy  i m a g i n g
Sk? I 11)A2 telcscopcs; extrelne llV spectrograph telcscorrcs:  next

● Nc’~1 g,lound test and modeling rnc[hcds which
can predict the cm-orbit  deployed shape to
withi;~ approximately a micron

● New kincmatically  simple dcploymcrrt  ccmccpLs
for deploying ligh~wigh[  bLIt mechanically stiff
metering trusses, booms, and backplanes

●  1.igh~weight advanced actuators and latches
using paraffin and shape memory allow

. .
gcncmtion  x - r a y  telcscopcs;  sparse apcrlLur Em-lh
imagcrs; and advanced sL~il  moistLm racliometers.
l)cploying  large optics from small spacecraft is critical
to 21st cerLtury scicncc missions, but the pcrceivcd
risk in the absence of flight validation prevents their
consideration. By validating this technology, NMP
will di reedy enable scicncc missions othcmvisc
:.. A,. -.. -:. .,. L. I..

Stowed
Configuration

Taurus-sized Packaae
“Mass  7 to 20 kg
“Volume = 1.4 m x 1 m

Figure  4- Precision Deployable Structures Imable a Httbbcll  Class Aperture to Be I )cployed
From a I’aclwge (ompatible  With A Small 1 amch Vehicle
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WIS1ON lNkU AI’ABI ES_—— ———  —

‘1’hc tcrln “ p r e c i s i o n  inflatatsle s p a c e  structurt’s”
connotes ultm li ghtwcig,h( closed-surface strucmrm
w i t h  nlillimcttx  t o  submillimtler rms surface
accuracies which cm take shape in space through
colltrc~llcd  il]flation,  These strucmres include military
space targets in a variety of shapes and cylindrical
dcploy~~lcnt-ai~d-sup~mrt booms for instruments, solar
arrays, sun shades, or gravity gradient stabilimtion.  In
addition, lcl]ticlllar s[ructllresc  anbebtlilttoforttl  solar
concenwa[ors  and antennas for communications
syskvns, radars, or radio-telescopes.

‘I’hcsc strtrcturtxs achieve trltrtt low mass  through the
uscof a combination of state-of-the-art, commercially
avai lab le  s t ructura l  f i lms (e.g. polyimids  a n d
polycs~ers) and specifically configured thin-film
laminates. Inshorl  duratio napplication  sthcslructure
canbc designed to stay inflated forthc entirety of the
mission. In long duration missions they are inflated,
then rigidificd in space using onc of sevcml  physical or
chemical processes. High precision is achicvcd by
cutting the structural films or laminates in gores of
prcdctcrmincd sh~pes m form the proper surface of
revolution at the design pressure. Gore shape
dctcnnination involves highly special i?.ed finite
element methods that trcal the non-lincaritics  present
in the materials properties and the unique mathematical
challcrrgc of determining the shape of a film which is
loaded in two dimensions and unconstrained in ou[ of
plane motion.

“1’hc advantages of precision inflatable space structures
are very relcvamt  to the goals and objcc~ive  of the NCW

Millennium Program: I’hcy can be a factor of 2 to 5
lighter, occupy a stowage volume at least 10 times
smaller, and (as in the case of large diameter antennas)
cost one to two orders-of-magnitude lCSS to fabricate
than their mechanical counlcrparls. “1’hc small
packagins  volume and mass can sometimes provide a
vm-y significant cost savings because it can enable a
reduction in the required launch vchiclc sire. Another
extremely impor(ant advantage is high deployment
reliability, which is possible bccausc dcplcrymcnt
typically depends on the proper functioning of a single
solenoid valve which can be placed in a parallel
redundant configuration. This high inherent reliability
of inflation systems explains why most terrestrial
systems requiring high functional reliability (such as
life-vests, life-boats and airplane cscapc systems, for
instance) arc also inflatable.

Great progress has been made in the last 30 years (SCC
FigLwc  5) since the inflatable Fcho satellite series was
launched by NASA, There have been over 100
inflatable objects flown by I UGarde, Inc. in several
shell-duration 1)01) missions. ‘1’hrougb these
missions 1,’Garde has gmthered and anal yz.cd  a large
quantity of data on the design, test, fabrication,
handling, packaging, dcptoymcnt, thermal, and

dynamic behavior of intla(abic  struc[urcs. In the case
of  precision inftatablc reflectors, ground test systems
have been built and measured for surface accuracy and,
recently, a 3-nwtcr diameter ground test unit gave
surface accuracies of 0.67 mm rms, extending the
technology into the Ka frequency band. Two years ago
the first in f la table solar  array ShIICklW L\ ’as
successfLdly  deployed by inftation  and tested in (he
NRI,  thermal vacuum chamber ~.

In May 1996 a collaborative effort between 1,’Garde,
J1’1 ~ and NASA will culminate in the deployment and
ftight of a 14 meter diarnetcr infla{ablc re f lector
(knowll  as the lnfiatab]e Antenna Fxperimcnt)  on
board S’1’S-77 (see schematic included in Figure 5).
‘1 ‘hc flight will demonstrate successful dcploymcn[ of
this large reflector and will measure several parameters
of interest including on-orbit surface accuracy vs.
thermal loading in various sunlight conditions.

}or the Ncw Mi Ilennium Program, the MAMS teams
~mposes  that 1,Tiardc collaborate ivith  JP1,,  o ther
NASA centers, and the USAF Philips laboratory to fly
several inflatable structures validation experiments:

●

●

✎

●

low cost piggy  back experiments to demonstrate
the deployment accuracy and on Orbit
charac[crislics  of simple strLlcturcs such as booms
and sun shades,
Ldtra-lightw’eight  opctational  antennas in the X-
band and possibly higher frequencies for
tclecc)]~~nl~ltli  catic)l]s, synthetic apcrtLire raciar, or
passive soil radiometry,
aclvanccd inflatable solal- arcays, and eventually
the dLlal use reflector (for communications and
powr) known as the “Power Antenna”,

‘J’hc latter, if its dcvclopmcnt and ~light p r o v e
successful, could eventually replace nuclear sources as
the power system of choice for deep space missions.
q ‘hc flight of these systems will bc the most important
steps  towards the acceptance and widespread use by ~hc
space community of these truly revolutionary and
highly efficient structures.

l’ow’er Antenna feasibility has been shown in a NASA
l’hasc 1 SBIR ‘, A recently initiated Phase 2 Sltltl
follow on will adctrcss minimization of reflector
pressure in I/b and solar concentration ground tests.
‘l’his, along tvith strong leveraging, from other
inflatable antenna programs, will fur[hcr  reduce the
insolation level at ~vhich  l’owcr Antcnrras can function
to the 3-5 whn? level making it possible to consider
all solar missions to the outer solar system, I’hc
MAMS team is collectively working to identify
technology development funds to complete a full-up
ground test of the Power Antenna circa 1998-1999. A
flight test unit could be available for a New
Millennium technology validation flight circa 2000-
2001. If successful, this flight will open the door to
all solar powered missions to [he outer solar system in
the 21st century.
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,——~ t +9m off-axis test unit demonstrates
precision at farge size (1989) Past Unit

Iigurc 2- The Past, Present, and Near Future of Precision Inflatable Structures

~ P r e s e n t -

Inflatable Antenna Experiment (IAE) to
prove deployment and on-orbit accuracy of
a 14m off-axis reflector on STS 77 (1996)

I ,. 1

14m Ground Test Engineering
shows flight readiness (1994) I

New Millennium 2.5m antenna to validate
rigidized structure, sub-mm surface

accuracy, and d antenna performance

In the area of propulsion, the MAMS team is
IV. BREAKTHROUGHS IN wor~lng  with its member from the Olin Aerospace

PROPUI.SION  A N D  POWltR company  (OA~) to pursue two technologies with
rm-omisc for New Millennium mission architectures:

l’roDLdsicm and power are two of the most important ~hc ~OM1’act Hydrar.ine  Propulsion System (~OMI’)
kcy~ to cost eff~ctive space science missions. - l’hcse
two SUbSyStCIllS  together comprise over 50% of the
mass and 3070 of the cost of a typical deep space
orbiter type spacecraft’. l’he problems of propulsion
and power will become even more acute in the new
millennium as deep space missions arc asked to go
far[hcr  from  the Sun and get to their destinations
faster.

and miniature Pulsed Plasma Thruster (}’1’1) systems.
Both of theses technologies are modular and easy m
integrate onto a variety of spacecraft bLls designs.
Both also offer the capability of being delivered and
intcgramd into the spacccmft fully loaded. Beyond
these systems the MAMS team is planning valiciation
activities fcm advanced SEW systems that bLlild  upon
the success of NS1’AR which will flight validate solar
electric ion propulsion on DS- 1 to provide even



NH3 E Iastomeric

o 0.5 1

FifgLwc 6- CX)Mt’  PrcrpLllsicm

shcmcr trip times, reduced launch vehicle requirements,
and higher payload frac[ions.

Q3Mp

‘1’hc U) MI’ sys(cm  is an outgrowlh  of OA(; internal
research and drwelopmcnt  focused on reducing the cost
and wcigh( of hydrazinc  sysk.m  componcrm, It offers
a total Iy self-contai ned hydraz.inc  propulsion system
capable of 40,000 N-s of total impulse. As shown in
Figure 6, the system uses flight-proven (3AC  0.889 N
thrusters in a three unit rocket engine module. Ihc
envelope of the systcm is designed to be compatible
with small spacecraft designs. ~’ank  six will vary with
mission requirements, but the tyiical size for the
40,000 N-s systcm is 46 cm in lcng[b by 20 cm in
diameter. ‘1’wo of these modules provide total thrcc-
axis control for small spacecraft AC:S.

‘1’hc CX)M1’  system can also bc configured LO provide
main propulsion for small spacccraf[, Because it is
designed to bc fully self-contained, the interfaces with
lhc spacecraft arc mininli~cd.  The system also offers
the advantage of having an extremely low recurring
cost once (be basic configuration has been established,
In quantities of 10 or more, costs are anticipated to bc
approximatcl y $150,000 for the complete dry system.
~OMI’ is designed to be fueled at the factory and
delivered to the customer fully fueled, ready to bc
mounted and integrated into the spacecmft  for launch,
I’his can also enable a significant operational cost and
schcdulc  savings.

‘1’Hli P(J1->SEI)  P1.ASMA ‘1’HR(IS’1’ER

The Pulsed Plasma l’hrLMer  (}’IT) systcm  is another
answer to NM1’ mission needs for small, low-cost
propulsion systems. I,ikc the COMP, it is also fully
self-contained and requires only a minimum of
interfaces \vit}l  the spacecraft. I’hc PIY1’ is an electric

Pressurization Expulsion Bladder

3Plastic-Lined

\ / - Composite Tank

%- .:::”==J

Hydr
Prop

/ L r———— --- ---
G r a p h i t e  ~

7Mounting Skifl  Mini-Thruster

System Bemcfits  and Schematic

propLllsion device utilizing the interaction of current
and self-induced magnetic field  to ablate, ionize, and
accclcratc  solid I’cflon fuel, I’hc  ‘1’cfton undergoes
phases changes into gas and Ihcn plasma as it is
ablated, a fclv monolaycrs at a time. l’hc constituerlts
of the plasma are ioni~cd and accelerated by the energy
present in the clccwical  discharge. I’hc  energy required
is s[ored  within the P]rr system in an energy s[ora,ge
capaci[or, which is char@ by any 28 volt unregulated
IX bus capable of providing a few tens of watts of
power.

Figure 7 shows a schematic of the PIrl system and a
model of the. miniature ITI’ system. “1’hc system is
inherently simple and reliable, having only one
moving part, the fuel bar, w’hich is fed with a spring
irlto the breech of the discharge chamber. The
principal challenges being addressed in NASA-funded
technology development are reducing the system mass
dramatically ancl improving the thrust efficiency of the
PIY1’. Within the frmcwork of the MAMS tcarn and
the NMI’ architecture, the PIrl” offers a candidate for a
truly miniature thrL]ster systcm  capable of meeting the
propu ls ion rcquircmcnts of a 21st century  nanLJ-
spacecmft,
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1 )iagram WI(I M(KIcI

hc chief tcclmical bcncfi(s of the l’lyl’ relative to
chemical thmstcrs arc its incrcawxl  stwcific  impulse
(1000” 15(K)s) and rcdmxl mininlull]  i[~qmlsc bit ( 10()-
500”  }~N*s), “1’his nlinimum  impu}sc  bit is two ordcm
of nlaguitudc tcss [hen Ihal of chemical I)ltymlsion
syslcms and il promises 10 rcvolulioni~.e  out appmdch
to prec is ion stalion kccqsinp ml fine scalr a((itwic
C(mtl’ol. 1“01 Cx:illq)lc, a l’lyl’ will) a 200” pN*s
minimum impulse bil c(wlci easily imwidc  cwlm)l  I’i)r
I)tccision station keeping of a conslcllalion  of 2(Kk~
Spacccl”:if[ (() llw 1 00/4111  level. ‘I”his  is ill col)lfasl 10
(1IC 1 cm ICVCI of con[rol typically assumed it] NASA
s[udies  of ad\anccd  inlcrfcrxnncicr  constclla[i(ms.

IIccausc  Ihc I’lJl’ is truly cnahtinp  k) the NASA visiwl
of ctmslcllations of micrt)slmuwd’[ forming  2 1 s t
century intcrfcrmmlcrs  thal can provide multi- picsal
images of l;arlll-iikc pkmcts in ncarb)  solar sys[cms,
the M AMS 11’1 )’1’ intends to flighl validtitc adwmccd
1 ’ 1 ’ 1 ’  thrLlstcr tcchmlogy  on Nc\v Millcnniuln
missions. l(irsl wc plan (0 conduct a pig,py back
night of Ibis technology on an Air Force  tcchrmlogy
dcmollstralion  salcllitc  ill 1998 10 validate the lo\\I
contmnilaition  of optical surfaces wc cxpcc[  from this
dcvicc. Wc then inlcnd to Jmn’iclc  a full suilc of’ 1’1’1s
to the 1) S-3 flifzhl  [cam as the primary slalion kccpi~lg
an(i alliludc  control thl-uslcr syslclil  for 1) S- 3. ‘1’his
\vill J>rovicic 1N3 w i t h significantly tmhaucc

WC I)clicvc ttmt So]al 1 :Icctric l’l-opuisi(ui (Sl;i’) is the
kc! to rtiJli(i imv cosl access  of sJxicc scicncc  spwxwill
l{) lhc ctllirc s~)lal sjslcm. ‘1’hc llrst slcp 10 fulfil l ing
IIW Ncw hliiicnnium visioli  ill tilis  area is the fligilt
v:~li(ialioll cJ’ tile NASA S1 ;l) ‘1 ccl]m)lo~,} Applicati~m
Rca(iincss (NS’1’AR) iwl im)J)Llision  sys[cm  (m 1)S 1 .
1 knvcvcl.  NS’1’AR  rcJmscnts  nol an cn(i, bul a
beginning ol liw apc (i cicclric  dlivcs I’iw fiiJ)icl
cxJJloralion  01 tile solar systcm. out io]ig range r(~aci
nmp for  cicc[ric  proJmisioli  tccllil(~iog}  e n v i s i o n s
sigi}iflcmlt  a(ivtinccmcnls  ~yot~d NS’I’AR fol S1 d’.
l’ar[icularl>  imJx)rlalll  slc~)s (m (n iong range S}il’ nmi
tllai) inciu(ic:

.

●

✎

●

1 ll~h pcrl(mnancc ion engines capilali7.inp,  on
slotlcd carhm-cat  her] PI id tcchnoioF,y,
}Iip,ll sl)cciflc implllsc, 1011:, lif”c ])fdsma
cngirlcs,
l)ir~’cl dlivc S};1’ sys[cms  il) which hi~l) v(,lt;igc
Soiiil all fiys alc lilkc(l  dilcclly 1 0  p]:isma
cIIg, Illcs 01 advalud  iol) cngirws usi[}p slalc-of -
(hc-at[ sivi[cllill~ Icchllolop,j’” 10 climlnti{c
clccl I ic p[()])ulsion  pmvcl pl occssors, and
Mlriia[uIi/.cd. Ilwfulill Clccltic l)]or)lilsio]]”

r,

Syslcllls 111?1( ale’ Colnpmblc \villl
micv ospacccml(  of’ aIIy size.

of tksc  adwiIIcctIILvI(\ tlIc gIcalcsl  lSCIIOI II12rI)cc  lcal I is
that offcre{i hy di rcct drive sys(cm~ which have t hc
pr{mlisc o f  dclivcrh~p sJr4cccrafl to tiw oulcr soiar
sys(cr[l  \\’ith trii) times of 5 ICJ 7 years ufin~ Nficci-1  .itc
ciaw Iaulwh vchiclcs. ‘1’hc conccp[ of [iirccl  (irivc S};l’
tmscli on a(ivancc41 Jiasma cn~incs \vas rccen{iy
conccivc(i in(icpcndcn(iy  hy J1’J. mi J  tll(: ‘Y fin(i
dcnlonslmlc(i  i n  (tic lalsoralor)  a( J]’] 4. in li~c JI’J.
{ictllollslvdtiol],” which was fun(ic4i b} inlcrnai
(iiscrctioml-y rcsowccs, a (iiiccl  (ii ivc JxJ\vcr  Swilctliw
ullif (1’S[1) drove a IJ-55 ‘1’ilru%tcv uritll AIKKiC  1.aycr
( l ’A l  ) a( 3(N V and -is A. ‘1’hc sys(c[n  Jmrforlncci
fiaivlcssiy  and the 1’S(1 Jwrfonncd  at all efficiency of
~~~~.  At I}IC i)cgilltlil~g of (’Y 1990 J]’]. wiil i)Crf[)llll

ackii[ionai tes t ing 10 incrcasc  the ciircc(-cirive I’(X1
power and shul-cimvn  capabilities and hopes (0 tcs{ dlc
1’(:(1 on a  solar simulator  that wili bc pm\i(ic4i by
:Inolt) cl- nati(~f]al  lat)oratory.”

~’}]lj S(;ARI  ,1;1’ SOJ, All ARRAY

Aii New Miilcnnium m i s s i o n s  si~arc  onc common
clcnlcll[  Ihc nccti fw pmvcr. M(M of (IIc missions
inclwii ng Iilc firsi (iccp space fligh[ wili use s o l a r
an ttys as Ixnvci  sow CCS. ‘1’hc al-ray mass allci cost is
cspcciai iy impmlant  for liIc first  (icep space mission
Isccamc it uses clcc[ric  pl-oindsio]l that Ilcccis large
l~dncls pro(iucing many kilowalls.
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HMIX) will develop a 2.6 kW S~ARl  Y;l’ type array
sys[em  for the NM}’ first deep space mission. l’he
So la r  (:onctmttator  Array with Refractive 1.incar
Element Technology (S{;ARI  Y1’) is a new technology
that holds promise for halving the recurring array cost
while decreasing the array mass by 507cJ and sim by
30%. In addition, the array is highly suitable for high
radiation missions due to its mass not being very
sensitive to the radiation hardness rcquircxncnts.

‘1’hc linear concent  rater array takes advantage of
technologies working in tandem: flexible Iiesncl lens,
dual junction cells and low mass struct are.
~onccntrator  technology allow arr’ays to have much
lower ccl] area for a given power Icvcl. ‘l’he
confimnation  o f  t h e  S~ARI.Fil’ l e n s  svstmn  i s
dcpicied  in Figrrrc 8.

Concentrator , 1111 L

Fo6al Line -1
Carbon-Epoxy

Panel

IUgurc 8 - S~ARI  H]’ is Based on linear
convex frcsne]  concentrators that rcdrrce ccl] area
by mm than an order of magnitude.

Because al-my costs are traditionally dominated by cell
costs, the availability of array systems which usc only
1/10th of the cell area of a Compardh]y  siz,cd planar
(futl-area) army can reduce the cost for tlvcnty  first
century missions by a factor of two. I’bc  S~ARl  HI’
army can provide mass savings depending on the
scveri  ly of the mission’s radiation environment
bccausc high-radiation protection is rwccssarily  very
massive and a much smaller CCII area means a smaller
area to protect, I’his  feature is of greatest  value in
high radiation, Van Allen bch-ftying  missions, such
as clcc[ric  propulsion orbit raising.

I’hr S~ARl ,E:l’ tccbnology  also enables rnorc cost
cffectivc  employment of developmental high efficiency
sola~- cells such as 22%1 efficient GalnP2/CiaAs/Gc
cells. Since these CCIIS  will bc relati vcl y cxpcnsivc, at
least in the near term, the cost benefit derive.d from CC1l
arcxd is more critical. Additionally, ttrc S~ARI  .1;1’
tccbnology can be used [o miligate  the dcbili(ating,
cf fccts  of intcrplancvdry  distances on solar cell

efficiency. _l’hcse Z.III’ (1 ,OJV I n t e n s i t y ,  low
‘] ’ernpcra(lwc)  effects incrcasc  the sin and hcncc,  cost
of a solar array for a multi -A(J (Mars and beyond)
spacecrdf~,

‘Ihc team dcvc]oping tbc array consists of BMIJO,
AE~ Able, I;ntech, ASK, NASA 1,cwis and the Jet
l’ropL)lsion 1,aboratory ‘. We trclicve that the low
cost and high performance of the S~ARI  ,HI’ array will
clraw many users among early twenty first ccntmy
scicn(ific  and commercial mission managers.

01’HHR A~AN~ED  ARRAY .TECIINOI  /OGIES

Already developed inflation and hybridimt ion
techniques have dcnmnstrated inflatable deployed and
suppcrr(cd thin-fi lm sub.mw  solar arrays  rdpablc  of
producing potver densities of about 140 W/kg  using
crystalline silicon cells. Advanced hybridiz,aticm
(ecbniqucs  under dcvclopmcnt  by existing programs
will bc complc[cd in Iatc 1996 or early 1997. The
MAMS team w i l l  wo rk  t oge the r  t o  idcnti fy
tcchno]ogy  funds to dcmonstrd[c  200 W/kg  for anay
s i z e s  excccding  1200 watts with silicon ccl]
technology and over 300 W/kg when advanced CCII
designs arc manufacturcxt  in large quantit ies. A
qualification uni( should be available by 1999 with a
flight unit ready by 2000.

1,11’HI(JM  ION BA’1”1’HRY

Rcchargcable l i th ium bat[crics o f f e r  s i gn i f i can t
performance and cost advantages compared to SOA Ni-
{:d and Ni-H2 batteries and will enable the required
rl~iniatLlriz,atic)Il  of energy storage subsystem for NM,
I’hc. performance advanmgcs  include higher specific
cncr.gy, energy density, CCII voltage, coulombic  al~d
energy cfficicncy, low self discharge mtc, and Iowcr
battery costs compared to the SOA Ni-CId and Ni-112
batteries. ‘1’hcsc  advarr[agcs  translate into several
benefits including reduced mass and volume of the
cncr.gy st oragc subsystem, improved reliability,
cx(cndcd mission life, and lower  power sys[cm  life
Cycle costs.

1,ithium batteries have 2-4 times higher specific
energy (Wh/kg)  and energy density (Wh/t)  than the
SOA advanced versions of the nickel-cadmium (Ni-(;d)
and nickel-bydrogcn (Ni-H2)  batteries prcscndy  being
used in various satellites. Frrrthcr, 1 i bat(erics have
two times the specific energy of the SOA Ni-MH
batlcries. 1.ithiurn cells have significantly higher cell
volragc and thcrcforc rcqui rc fewer CCIIs pcr bat tcty
than SOA battery systems. For example, some of the
lithium cells deliver 4,1 volts/cell or over three times
the voltage of Ni-~d CCIIS  of 1.2 volts/cell.  On this
basis, a 28 volt battery system will require only 8
lithium cells conlparcd  with 22 CC1lS  for a Ni-(:d
battery. in addition, lithium cells have significandy
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hi~hcr coulombic and energy efficiency compared It)
S~)A batteries. i lighcr  energy efficiency of these
txmrics will CIMMC  rcduc[ion of the solar array sil.c.
J ,ithiun~  cells e x h i b i t  m u c h  lmvcr self disc}lal~c
compwcd to SOA batmrics.

1 ,ilhium  batkvks  rcprcscnl  savings to space missions.
‘1’hc srrvings  arc associated with:  H) lower Imtlcrj’  cosl,
and b) lmvcr  launch costs. 11 is prc~cc[ccl that lithium
baltcries will COSI significantly ICSS than Ni-(ki and
Ni-}12 ba((erics duc to usc of low COSI materials an(i
silnp]cr  manufacturing processes. Since mo]-c Ihall
50(Z of the mission cosl is for the launch vchiclc,
reduction of sJxwcrafl  mass an(i vol umc (rcsui(ing
f r o m  the usc of litiliurn batlerics)  c a n  t h e r e f o r e
cbamaticaily imvcr  tiw ovcrdi mission cost

‘i’iw  firs{  dcci) simcc mission of iiIc Nh41’ wili usc t~vo
I i-ion batteries wi(h lhc follmving,  paranwlcrs:

Voltage:
(:apacily:
(:yclc  1 .ifc:
oiwraling,  ‘1’cnlimNLllc:
operational I .ifc:
SiJccific  1 incrgy (Wil/Kg,):
1 ;ncl-gy  IWlsily (Wh/1):
Mass (kg)

28+ 5 v
10 Ah
> l(KK)cyclcs
O- 300(:”
> loy cars
> 100”
> 160
> 3,1

‘I’tlctcalll [lc\cit~ltillgtl~c  l)atlcticscollsists(~f  Yar(incy
‘1’cci]ni~Al  ]]IOCiLIC(S, A i r  Force  W r i g h t  l’at[crson
1,dwmtory  anti the Jet l’rolmlsion  1,atxmmry.

V. 1’1,ANR’1’AR% SURIJAClt INT1tRIJAClt

Sampicrcmms  ilavc been the Holy  Gmil  of i~lanctary
cxplmation  bccausc IiIcy permit very iligh  precision
nwasurcmcn(s  to bc made witil a mul(i[ucic of con]i~lcx
lahoralory  ins(runwnts.  Bccausc  of Iiw h igh cost, no
sarll])lc rct Llrlll~~issi{~l~  slla\'c l~cc1~c(]!ldllctcd cxccp(  for
the Apollo missions m Ibc Moon. ‘1’iIc l’cnctrmr
San@  Acquisition Systcm (l’SAS) is a low cost
technology that wil l  oi)cn a ncw era in planelal-y
cxi~lomt  ion,

Salllillc:!c(illisitit>rl  try means of tmllistic  pcnctralion
aflmis lhc oiqmiunily m significantly rcxiucc mass
aTKl  c o m p l e x i t y  comiwcd to an ia[icixm(icn[,
a~ll(J1l(~lll(>tls sLlrfacc  iallcicl .I]ycolllrast, a pcnctmtor is
asimplc  ballislic  cicvicc with mcrhanical  cicsig;ls  that
iwrmit  sanlilic acquisit ion and rcicase  fm rclurn 10
ltirti~.’l’hc ]xi}ctrator  dcployl~lcl~t  at~(isal~~~>lc  rcttictal
schcmcs  cicpcnd on ti~c tyiws of bmiy to bc sampled.
lot a small, iow-gravity  body with no atnmsphmc,
e.g. a mnct  or an astcroi(i, a siinning pcncl]alm  cm
iwdci~loycd  at C1OSL’  range and retrieved via a tether.
Fora large body with  an atnmsi)hcrc,  iiiic Mars, lhc
~llctlat(~rc  ~l~kdr(~~>[wdfr  (}n~a  lat~dcr tllatcarliestl~c
rctlll-l~vclliclc  alldaro~~cr,  fvl~icll~~’iil also colicc~otilc[
s~llliJlcsf  cJrll~cr ct(lrll\ ’clliclc,\\’ili  rctricvc  the sample
colicclc(i via the pcncwamr.

]or a small body, the uw of a lxmclrat(w to co]lcct
smi~lcs  aiiows lhc elimination of tile Iandcr an(i a
c(mlplcx sallll)lc ac(]llisiliO1la llci rclunl  syslcm.’l’hus,a
significant savingsin  maw, spacccraf(  complcxi~y  and
sire, and propulsion syslcm rcquiwmcnts  will rcsull.
ll~tl~e cascof  Mars, :iia[lcicr:illd returmtoor hit vcilicic’
isstill requirc{i, solilc gains arcicss. What is a(icicci  in
this case is the ability to collect deep subsutfacc
swnplcs without the rcquircmcnt  m lan(i iargc, power
intensive drilling nlcchanisms,

‘]’hc pcnc(rdtor concept eliminates the need for an
in~icixw(icn(, caixddc  ial](icr aaci [i)c conli)lcx,
autonomous maneuvers associated wilb  sample
rcwicvai f r o m  [hc surPdcc m tile si~acccmf[.  1( wiii
l)crn~i[  the collection of multii~lc sami>lcs  from lhc
target ixxiy  a[ remotely scixitatcd sites wi(il Ii[tic a(idcd
mass compared to the multiple lander altcrlmtivc.  11
si~nificantiy  rcduccs tile mass anti complexity of
rclurning  samples to Earlh.

III add i t ion 10 sin]l)lificci  t e c h n i c a l  rcquircn~clls,
siglliflcall(rc{illcliolls  in  tolal syslcm cost wiii rcsull,
from smaller launch vchiclcs and rcduceci  Iifl mass.
Syncrgis(ic cicsign  of a smali sixtcecrdl  w i t h  a n
illlcglaicicl)loylllcllt reel will optimi~c systcm voiume
an(i mass rcquircmcnts.  “1’clhcr spacc~lafl tcchno]op,y
lviti~  a n  ilitcgmi sampling cicvicc represents a
rcvolulicmary Icchnicd a d v a n c e .  “1’hc conccpl Icllds
itself to sampling muitiplc  sites as WCII by having
111  Lllti]Jlc i)ctlclrAlt~r b~~(iics \villlasillglc Iclhcr an(i reel
nwci~anism.  With  iittlca(icic(i  mass  anci complexity ~hc
[)cllcttal(~rc alltlc)s(;  t\ ’aricty of illslrllll]cllts  f~>ril]-silll
nlcasurcmcnt. }(01 cxami~!c, t h e  accclcra[ion  of
lxmctr~tioIl can bc mcawmxl and rcimrlcd (0 cwtablish
Ihc malcriai iwoiwtics (i)cnclmbiiily)  of the surface.

“1’ltcfilIlctioIlaii[y  of a Miow core i~cnctramr  is not
Iimilcd  10 rc(r-icving,  tl]c sample capsule via a tether.
‘1’ethnology advances in ciocking  Iliancuvcrs couid
crcalca  sccllari(} t\'ill:l-c asl)acccraf(  \\'t)Lllci~)rl)it  a bmiy,
cictenninc  t h e  oplimal  impact s i t e ,  l a u n c h  tile
Imctm[ol-  without  a  tctiw, rcccivc data from tile
pcnctm~ors  ills[rLln~el~tati(>l~ whiic  ori)iting  the body for
sc~ll~c JJcri~>ci  (Jftilllc, tilclld(Kk a[l(irctric\'c tiw sample
capsuic.  ‘1’cchno]ogy  advances in n~iniamre  iwsitu
illslrLllllcll[atioll  coul(i tw cicnmnstldtcci  ml lilt flrsl
lligh( if desired,

‘l”tlcal)l)licatior~  l’SAStc)  h4ars allows a small simple
cicvicctocoliecl  detp smplcs an(i ciciivcr thcm (0 tiIc
surPdcc wi[houl  the need of any energy source. ‘1’hc
pcnctmtm isconli)lctcl  yincr~;it ilas no imwfcl  soutcc,
guidance syslcm, or trmlsn~iltcr. ‘1’hc pcnctrator falls a
fcwlcnsof  Il]ctcrs~li)-rdr]gcfI{lIll the lan(iing si[c of
tl]crcll]rl~  }clliclca ll(lisc asilyf(~ll]~dt  ]ytl]c rover. ‘1’hc
smp]cs  arc iMctudgc4i  by lhc Pcllctrmr an(i cjcckxi onto
the surface by a spring-toa(ied mechanism that is
tri~gcrc(i by the rclcasc  of the high g ioacis from the
i m pact.
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l’he NMP dots not presently include a mission in
which a rcndcz.vous  wfi]l a smill body would allow the
dcmons[mtion of PSAS  technology and for that reason
it is not presently in the NM1’ plan. However, ground
based tests conducted by the l]niversity  of Ari~ona this
summer have shown the technical feasibility of PSAS.
It is (hc hope of (he MAMS teams that the technical
rc.sLdts of these tesls and the inlportant  implications of
these technologies will motivate NASA to initiate a
si~llifican[  technology program in planetary surface
interface systems. With such a program in place it
coLJld be possible for low cost, Ikcovery  class,
missions to accomplish important in-situ science and
sample return missions.

V I .  PROCESS  MII/I.llNNIA

l’arl of the vision of the Ncw Millennium l’r’ogram is
to crcatc  and validate a seamless process for the
conccptioJl,  design, development, test and operation of
the real space missions of the next nlillenniLml.  I’his
combination of improved process, computer aided
cnviromncnt  and state of the art tools is called Process
Mi]lcnnia.

‘1’hc  process will begin by engaging the cuslomcr in
defining acceptable ranges of prorlucl pcrformancc,
COSI and risk. The system and team will then bc
architcctcd to minimize total life cycle cost. Design,
manufacturing and test wilI be carried out concurrently
in an environment which allows instant sharcct access
to all program information. Advanced computer aided
tools, standards and best practice will be used. Newly
aLmnornous operation of the spacecraft will follow.

Process Millennia will reduce cost in a lluInbCr of
ways. Systcm and team architecture will be c}Joscn
with a more complete understanding of progl-am
pcrformancc, cost and risk. Engineers will design
with a knowledge of cost. “1’hc process will bc more
efficient, with more easily shared information and
smal!cr teams leading to higher quality products. ‘1’hc
process will be faster, using standardized practices and
producls.

A useful analogy can be drawn bctwccn the creation of
a the. real spacecraft of the next millennium and the
prcpamtion of a meal by a professional chef. Much of
the New Millennium Program focuses OJ)  developing
bct(cr meat and potatoes (the ncw technologies) in
order to make the meal bct(cr. But like a good meal,
the real cost is not in the food stuff, but in the labor.
In order to make a meal faster, chcapcr  and bct[cr the
entire effort must bc examined. Chefs cook in a
kitchen (the environment) using appliances (the tools)
according to techniques and recipes (the ixoccss). A
well laid out kitchen can make the job for the team of
cooks easier, and the invention of a new appliance, the
rnicrowavc, allows much faster cooking than
previously thought possible.

Not only does a gcmd recipe make a better meal, but
from the system pcrspcctivc buying the foocl  stuffs
(supplier relations), making the menu (customer
rcquircmcnts)  and ensuring that all dishes arrives hot
on tbc table at tbc right time (concurrent just in time
manufacturing) arc all important and labor intensive
parts of the process. “1’hc cost and speed of a meal
prepared in the kitchen can mnge widely from that of
fast food (highly modularized) to a slow expensive but
fine Iircncb meal (highly customized). Trying to
improve the cost of a meal writhoLn  examining
process, errviromncn(  and tools would be fool-hardy,
We recommend a similar examination of the
dcsigrdbuild process, environment and tools set for
spacecraft.

Specific activities will be directed toward addressing
problems identified by the NMP  flight teams. Process
Millennia applies to all of the NM}’ IPIYI’s.
organi7,ationally, the Process Millennia effort is
being lead by the MAMS 11’1)1’. Figure 9 shows how
Process Mi]]cnnia  will be infused by the deep sfmce
missions of (}1c NewT Millennium Program.

Deep Space 1- Process Capture
t=Y97 I FY98 1 FY99
—~

7

mi

Deep Space 3- Serial Infusion

~j’

-d

Deep Space 2- Parallel Infusion
FY97 I FY98 I FY99

&&q&&+&+-
?

Rz!!ZIm

A Process Millennia Deliverables
● Simulation and Visualization Tools
● Data and Work Environment
● Improved Processes

Figure 9- Process Millennia Infusion
Into NM1’ Deep Space Missions
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‘1’he potcmial for large cost savings with
il]~lJlcr~~cI~tati(~I~  of ]’roccss M i l l e n n i a  i s  wictcly
rccognimi  and numerous activities arc undcrwwy to
acidrcss Ihc different aspccls dcscribcd above. An
NM1’-spms(mxi  Workshop was hcki to identify OII-
g,oing activities rmi  their inter-relations \vith each
oli]cr.  The NMP ai~proaci~  is to buii(i  m li~is  mis t ing
founcia(ion. in a stcpbystcp  manner the NMI’ i~lans
to imi)icnw.nt cost-saving pI occdurcs while
simultaneously improving tile compu(cr-aidcxi
environment an(i associated toois.

}wr cwiI  of these dcci~ si~acc missions a Process
Miilcmnia  mam wiii hc assembled which wiil function
in a manner paraiici to the ftigi]t team. ‘l’his l’roccss
Milknnia  t e a m  wiii inclu(ic  J1’1., un i ve r s i t y ,  an(i
induslry members WIKJ arc tccimoiogists,  engineers, or
(icsigncrs  in some subset of tile areas of information
syslcms, aulonomy,  .systems cnginccring, mccilanical
cnginccring, compu(cr  ai(iwi (icsign, anti aii ti]c major
spacecraft scicncc  allci suilsystcm ciiscii)iincs. lor 1 JS-
1, tilis  team’s job wiil bc to sila(iow tile work of tile
f l i g h t  t e a m  m cq~t urc the cncl-to cnd cicsign  an(i
(icvcioimlcnl  process. The prociucl of their work wi i i
bc the software, harciwarc,  anti proccsscs  nccdcd  to

conciucI  future mission design and dcvciopmcllt
activities using dynamic rcsourcc management.
l)ynamic  resource management is a rclalivcly  ncw
C(NICCIJ[  for the spacecraft dcvclopnm]t  community in
which margins anti fii~ht systcm rcsourccs n~awageLi
ciynamicaliy in slcaci of using the tmditional  systcm  of
al locating rcsourccs 10 sLd>syslcnls  an(i monitoring
I-c’serves an(i continscncics.

in 1 M-2 t i~c ]’roccss Milicnnia Icam wiii work more
directly tvith the flight team to develop clcsign  KK)ls in

paraiici (o the fligb( systcm cicvclopmcnt.  As these
tw)is bccomc  useful ti~cy wiii bc infused directly into
the flight team’s  cicsign  process. ‘1’ilc goai of tile team
will  Ijc  to deve lop ,  by ti]c cnd of the 1) S-2 cfcsign
cicvciopmcnt  phase, a n  intcgratcci  lancicr cicsign
environment ti~at will bc generic enough to bc used on
all future Mtirs lander missions. ‘1’bc ai~i)iication of
advanced probabilistic methods will bc in important
an(i criticai cicmcnt of IiIC l’rt)ccss Miilcnnia  w o r k
~vitil  1)S 2 ‘. l:inai]y, in 1 )S - 3 wc hope to
commingle the l’roccss Miiicnnia team (iircclly witil
the flight team 10 accomillish  scriai infusion of tools
:ind cicsign environments. ‘J’ilc finai  goai of the work
If’ith  IJS-3 wiii bc the dcvcloprncnt of an
lntcrfcromctcr  l)csign  ‘1’001 (hat wiii aiiow fulurc
designers of intcrfcrornctcrs,  bc tilcy  free flying or
single simccaaft  based, to more easily an(i less
cxi>cnsiwiy  design and anaiyze  their missions.

1’11. S1lMMARY  & CONC1.US1ONS”

Wc have dcscribcd a wide sixcmn of compicrncn(ary
advanced MAMS tcci~nologics  in terms of thcil  majw
contributions to NASA’s 21st cenlury  missions.
hfatcriais an(i strLlc[urcs  lcchnologics encompass (1)
Mt;S wherein electronics and structures arc intcgm(cd

in a way icading uitimatciy  toward cablclcss spacccrafl,
(2) advanctxi ti~crmaliy-stabic  Si(:  matcriais for usc in
oi)tical instruments and supporl structures that grcatiy
enhance the quality of Scicntirlc  ciata, (3) imccision
(icik~yddc  s[rLlchlrcs  an(i mechanisms m i)crmil  use of
scicllcc-ciltlallci[lg  lal-gc optics on smail spacccmft, and
(4) infiatabks to provi(ic iargc apertures for imv-cm
missions at greatly rcciucc(i  mass and volume as
comparcci  to conventional apcrlurcs.

Advanced ixnvcr an(i im~i)uision lccimokrgics inciu(ic
( 1 ) systematic activi(ics leading towarxi  dcvclopmcnt
of a l’mvcr  Anlcnna conccp[ ti~al uscs tile inflatables
technology to (ici~ioy a low-mass duai-purpose aiwtuw
that serves as both an antenna an(i solar conccntramr
fur  p o w e r  gcncration$  (2) a imv-mass c o m p a c t
hydrwinc  propulsion syslcm ti]at features a full}’-fuc]cd
mociuifir (icsign to g,tcatiy  rc(iucc unil costs wi~ilc
simillifying intcgmtion  wi th  the spacccralt, (3) a n
a(ivancc(i  imv-mass ]’uiscci  l’hrsma “ 1  ‘iwus[cr
cilaractcri~.cci  by inhcrcn(  simiiicity an(i r e l i a b i l i t y
\\riliic  being i~aclwgcci  as a fuiiy-fucic(i  m(xiuitir  unit fol
ca$c of intcgwtiwl, (-i) an acivanccd  lIMI X) oriSinatc{i
solar conccnwamr  arrfiy tccimoiogy,  S( ;Al<l .Fl, that
e m p l o y s  frcsncl conccntmtors  couplcxi  will cfficim
solar ceils m rcciucc the quantity of Cost-(iriving  solar
cclis an(i a  iow-mass  structumi  cicsigw fol- lhc
ct~l]cel)tra[(>r-cell armngcmcnl  tilat iwovidcs major cost
and mass savings, and (5) a rcchar~caldc lithium ion
batlcry that cnab]cs  nliniaturintion of the energy
stomgc subsystem \vllilc provi(iing  major rc(iuctions  in
cost an(i mass.

Act iv i t ies  i]) l’lanctary  SurP~cc  lntcrfacc tccimologics
a r c  focusc(i on (iCVCiO@I~  a tCChJK@2y  to fiil  a ky
mpabilily need for the 21 st c e n t u r y ,  n a m e l y  an
affor(iabic  way m achicvc  smi~ic  rclurn missions. A
baliistic  penet ra t ion systcm tccimology  caixiblc of
imwi(iing  afforciahlc  sami)lc rctunl  m i s s i o n s  i s
dc]inudtcd in cicsign  embodiments inclu(iing  pcnctmtor-
tclhcr  rcturll  syslcms for prin~itivc tmdics an(i usc o f
pcnct  rotors to generate surPacc-cicixxi  tcci samples
coLIi)lcci  witi) rover sami~lc  coiicc(i(m  fw planets such
as Mars.

“1’IIc MAh4S effort illcludcs the lcwicrship  of the NMl’-
\vicic  l’mccss Miiicnnia activi[y.  l’roccss Miiicnnia
cmtxxiics improvcci seamless proccsscs from
concci~ti(m  t h r o u g h  oircrati(m  an(i is  impicn~cntcd
througil USC of Conlimtcr-aidc(i cnvir(mmcnts
cmi)ioying  state-of-the-ar[ Iools. Bccausc  of the widc-
sprca(i rccogwition  of the very iargc cost-swings tilat
couki accrue, numerous iwivatc anti govcrnmcnlai
pr~~gr~ms  arc uncicrway  to dcvcioi) various asi~cts  of
l’rt}ccss hlillcnnia. ‘1’hc cffc~rl within  NMI’ is focusc(i
on comiinat ion of tilcsc (ii ffcrcnt activities,
stanciar(iintion  to ixmnit  sprca(iing the benefits Ividcly,
and implementing lilt systcm  in s[agcs as it cvoivcs.

Figure 10 is a summary of tile MAMS 11’IYI”S roa(i
mai) for tile technologies ciiscusscci  in this paper. } ‘Lacb
triangular milestone mark in Figure 10 rcprcscnts  a
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Figure  10- Simplified Summary of” MAMS lPIY1’  ‘1’ethnology Road Map

r e c o m m e n d e d  tcchnolow  validation fli rht of a
technology this team has~dcntificd,  studied, ~nd ranked
hjgh]y.  For c~ch n~jle,stonc  on this chart, the MAMS
team evaluated ten m twenty  alternative technologies
and rcjcclcd  dlcm cm technical grounds. The status of
each of these flight validation activity is noted  with  a
color schcmc. FMIC triangles represent flight
validations that are presently fundccl  and in work.
Yellow triangles represent activities that are not yet
funded but which wc believe we have a good prospect
of being funded and validated on a Ncw Millennium
flight. Red triangles are those technology
demonstrations that have been passed over by Ncw
Millennium flight selections based on risk or mission
compatibility or are not adequately funded, but which
Ihc MAMS team still feels are critical to the success
of the ncw Millennium Program. White triangles arc
special cases not covered by any of these categories.

The achievement of NASA’s 21st century vision of
employing ftccts of small, low-cost, aumnomous
spacecraft as the basis for affordable missions with
large collective science returns, requires technology
advances across a broad front. Many of these key
technologies fall in the MAMS category and the
selcclcd prioritized  set of technologies currently being
pursued provides a major first-step contribution to
NASA’s 21st vision.
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